Introduction {#S1}
============

Exemestane is a second generation steroidal aromatase inhibitor (AI) used for the treatment of estrogen receptor (ER) positive breast cancer in post-menopausal women([@R1]) or with ovarian suppression in pre-menopausal patients([@R2]). Many patients receiving AI therapy in the adjuvant setting experience toxicity, most notably musculoskeletal arthralgias and myalgias that cause early treatment discontinuation in an estimated 25% of patients([@R3], [@R4]). Patients who are unable to tolerate one AI medication are sometimes able to tolerate a different one, despite very similar mechanisms of action([@R3]). One possible explanation is intra-patient differences in AI metabolism that result in differing levels of drug exposure. In addition, although 5 years of AI treatment improves disease-free and overall survival compared to 5 years of tamoxifen in post-menopausal patients with early stage breast cancer, approximately 19.1% of patients will experience breast cancer recurrence and 14.2% will die of breast cancer within 10 years([@R5]). Although many of these cases are likely due to intrinsic or acquired tumor resistance, some may be due to insufficient circulating drug concentrations.

Clinical predictors of increased exemestane concentration have been reported, including diminished hepatic and renal function([@R6]). Many patients treated with AI have previously received chemotherapy that is hepatotoxic([@R7]), which may have a long-term effect on hepatic enzyme activity([@R8]). Exemestane is primarily eliminated via CYP3A4 mediated metabolism, with a minor contribution from alternative metabolic pathways including CYP4A11, CYP1A1/2, aldo-keto reductases([@R9]) and renal elimination([@R6]). We hypothesized that genetic variability in exemestane's metabolic pathways would affect drug concentration during treatment. We were particularly interested in the intronic *CYP3A4\*22* single nucleotide polymorphism (SNP) (rs35599367) found at an approximate frequency of 6% in Caucasians. This SNP confers reduced enzymatic activity in cancer patients, as measured by the probe substrate midazolam([@R10]), and has been associated with decreased metabolism of several drugs([@R11]) including some cancer agents([@R12], [@R13]).

We previously conducted a prospective randomized clinical trial to evaluate the pharmacogenetics of two AIs, the non-steroidal aromatase inhibitor letrozole, and the steroid exemestane, in post-menopausal women with early stage, ER positive breast cancer (the Estrogen and Letrozole Pharmacogenetics clinical trial (ELPh)). An analysis of letrozole-treated patients from the ELPh study identified genetic variation in *CYP2A6* and clinical variables including body-mass index (BMI) and age that were associated with letrozole concentrations([@R14]). The primary objective of this analysis was to investigate the effect of *CYP3A4\*22* on steady-state exemestane concentrations in exemestane-treated patients, and secondarily, to examine associations with additional genetic and clinical factors.

Materials and Methods {#S2}
=====================

Patient cohort and sample collection {#S3}
------------------------------------

This pharmacogenetic secondary analysis of steady state exemestane concentration was carried out in patients enrolled in a prospective, open-label, clinical trial conducted by the Consortium on Breast Cancer Pharmacogenomics (COBRA), details of which have been previously published ([@R4], [@R15]). Briefly, post-menopausal women diagnosed with stage I-III hormone receptor positive breast cancer considering AI therapy upfront or following tamoxifen were enrolled at three cancer centers (Indiana University Cancer Center, Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins University, and the University of Michigan Comprehensive Cancer Center) from August 2005--July 2009. Local breast cancer therapy including surgery and/or radiation therapy as well as systemic chemotherapy were completed prior to enrollment. The protocol was approved by the Institutional Review Boards of each participating site and all enrolled patients provided written informed consent.

Patients were stratified based on previous chemotherapy, tamoxifen, and bisphosphonate therapy and randomized to receive oral exemestane 25 mg/day or letrozole 2.5 mg/day for 2 years. Samples were collected for pharmacokinetic analysis at 3 months after initiation of AI treatment, or after 1 month of treatment in patients who crossed-over to the alternative arm due to treatment-related toxicity, as defined by the clinical judgement of the treating oncologist. Patients were instructed to take their daily AI dose two hours before blood draw for analysis of an approximate concentration maximum (Cmax).

Measurement of exemestane concentration {#S4}
---------------------------------------

Samples collected in heparinized tubes were centrifuged at 1600 g for 10 minutes at 4°C for plasma separation. Plasma exemestane concentration was measured by mass spectrometry using the following protocol. 500 μL of patient plasma was spiked with 500 μL of Glycine-NaOH Buffer (pH = 11.3) and 25 μL of internal standard (100 ng/mL nevirapine in methanol). 6 mL of ethyl acetate was used to extract the mixture followed by 5 minutes of centrifugation. After evaporation the residue of the organic supernatant was reconstituted with 100 μL of 1:1 acetonitrile and formic acid. After vortexing for 4 minutes, 50 μL was injected into a Shimadzu HPLC system (Columbia, MD) that was coupled with an Applied Biosystems API 2 000 triple-quadruple mass spectrometer (Foster City, CA) which controlled by Analyst software version 1.4.2 and equipped with a positive ionization turbo ion spray. An Agilent Zorbax Column SBC-18 (150 × 4.6 mm; 3.5 μm) was used for separation with the mobile phase composed of 3:2 acetonitrile and formic acid at a flow rate of 0.3 mL/min. The precursor to product-ion fragmentation were m/z 297.2 --\> 121.0 for exemestane and m/z 267.1 --\> 226.1 for nevirapine. Known exemestane concentrations spiked into plasma were used to construct a calibration curves with appropriate quality control. The lower-limit of quantification (LLOQ) of the exemestane assay was 2.5 ng/mL, with \<15% inter- and intra-day coefficients of variation.

Genotyping {#S5}
----------

A whole blood sample was collected at enrollment for DNA isolation and germline genetic assessment. DNA was extracted prior to genotyping using the Qiamp DNA Blood Maxi Kit-Spin Protocol in accordance with the manufacturer's instructions (Qiagen, Valencia, CA). Genotype determination was completed by the University of Michigan Medical School's DNA Sequencing Core using the Sequenom MassARRAY iPLEX platform on previously validated multiplex assays([@R16]). The SNPs included in these multiplex assays were selected for their relevance to a variety of ongoing and planned pharmacogenetic analyses in cohorts of cancer patients. Multiplex assays were designed using the Sequenom software (both online Assay Design Suite tools and desktop Assay Design 4.0) and performed according to manufacturer's standard protocols. Results were processed to generate SNP calls automatically, using Sequenom TyperAnalyzer software, and manually reviewed to validate allele calls. Automatic SNP calls with questionable spectra, based on the judgement of the genotyping technician, were removed.

The primary and secondary analyses were defined prior to initiation of any analysis. The association of one SNP (*CYP3A4\*22*, rs35599367) with exemestane concentration was selected as the primary hypothesis. Samples were genotyped on the multiplex panel that included the *CYP3A4\*22* SNP. An additional 11 putatively functionally consequential SNPs in genes relevant to drug metabolism (*CYP3A4*, *CYP1A1/2*, *CYP1B1*, *CYP4A11*, *AKR1C3/4*, and *AKR7A2*) were selected for secondary screening. The remaining 47 SNPs genotyped on the multiplex assay were excluded prior to analysis for lack of relevance to exemestane pharmacokinetics. Genotype quality control was conducted for these 12 SNPs including assessment of call rate (call rate \< 90%), minor allele frequency (MAF \< 5%), and departure from Hardy Weinberg Equilibrium (HWE) (p\<0.004, 0.05/12). SNPs that departed significantly from HWE in the entire cohort were assessed stratified by race to differentiate likely genotyping failure from the effects of population admixture.

Statistical analysis {#S6}
--------------------

The primary endpoint for this analysis was the first exemestane concentration available (either at 1 or 3 months). Patients with exemestane concentrations below 2.5 ng/mL (the LLOQ) were left-censored at 2.5 ng/mL. Tobit regression was used in all analyses in which exemestane concentration was the outcome since it allows for the modeling of censored dependent variables([@R17]). Exemestane concentration was log-transformed to address non-normality of residuals, and appropriate checks were performed to assess the validity of assumptions regarding residual variance and normality([@R18]).

Each SNP was tested for an independent association with exemestane concentration, assuming an additive genetic model. *CYP3A4\*22* was selected *a priori* as the primary hypothesis and tested at the typical significance threshold of p\<0.05. All other SNPs were screened in a hypothesis-generating secondary analysis that was uncorrected for multiple comparisons (p\<0.05). Associations between exemestane concentration and clinical covariates including prior chemotherapy (yes vs. no), renal impairment (tertiles of creatinine clearance (CrCl) estimated using the Cockcroft-Gault equation([@R19]) with baseline serum creatinine measurement), elevated aminotransferases (baseline AST or ALT \>40), age, BMI, time of exemestane sample collection (1 vs. 3 months) and self-reported race (White vs. Black) were tested independently. Clinical variables with significant associations (p\<0.05) were included in multivariable models to quantify the adjusted effect of each SNP of interest.

Results {#S7}
=======

Patients and exemestane concentration data {#S8}
------------------------------------------

Of the 500 patients enrolled on the parent clinical trial, 246 had exemestane concentrations measured either after randomization (n=225) or crossover (n=21) and 231 of these 246 patients had DNA available for genotyping. Demographic and treatment information for the 246 patients can be found in [Table 1](#T1){ref-type="table"}. Overall the exemestane concentration data was log-normally distributed with an untransformed median of 7.7 ng/mL and a range after censoring of 2.5--72.0 ng/mL. Twenty-six (10.6%) patients with concentration \<LLOQ were censored at 2.5 ng/mL. One patient had a concentration that was an extreme outlier (72.0 ng/mL). This patient was included in all analyses and analyses were re-run excluding this outlier to assess sensitivity of the findings (range: 2.5--46.7 ng/mL).

Genetic and clinical predictors of exemestane concentration {#S9}
-----------------------------------------------------------

Discovery of predictors of steady-state exemestane concentration was conducted in all patients with clinical (n=246) and genetic (n=231) data, though some information was missing for some patients in these analyses. Of the 12 SNPs genotyped, one SNP failed genotyping as all patients were called heterozygous (*CYP1A2\*1C*, rs2069514) and one was eliminated during quality control for low call rate and minor allele frequency (*AKR1C3* E77G, rs11551177) ([Table 2](#T2){ref-type="table"}). In the primary analysis of 231 patients with genetic data the 26 patients carrying one copy of the CYP3A4\*22 variant (MAF=0.06) had greater median exemestane concentration (10.7 vs. 7.7 ng/mL, relative difference = 54%, 95% Confidence interval: 14%--109%, p\<0.01, [Figure 1](#F1){ref-type="fig"}). In this cohort no patients were homozygous for the *CYP3A4\*22* allele. Exclusion of the outlier concentration, who was a carrier of the *\*22* allele, had a minor effect on the statistical association (10.5 vs. 7.7 ng/mL, difference = 43%, 95% CI: 5%--94%, p=0.02), as expected given the use of medians in the analysis, which are relatively insensitive to outliers. None of the other SNPs assessed in a secondary screening analysis were associated with exemestane concentration (all p\>0.05, [Table 3](#T3){ref-type="table"}).

In analyses of baseline clinical variables performed in 246 patients, higher median exemestane concentrations were found in White vs. Black patients (7.9 ng/mL vs. 5.0 ng/mL, p=0.03, [Figure 2A](#F2){ref-type="fig"}), patients in the second and third tertiles of estimated creatinine clearance (5.90 ng/mL vs. 8.60 ng/mL vs. 8.00 ng/mL, p=0.01, [Figure 2B](#F2){ref-type="fig"}), patients who had elevated aminotransferases (11.0 ng/mL vs. 7.5 ng/mL, p=0.046, [Figure 2C](#F2){ref-type="fig"}), patients who had not received prior chemotherapy (8.7 ng/mL vs. 6.9 ng/mL, p=0.03, [Figure 2D](#F2){ref-type="fig"},) and patients with lower body-mass index (1.5% decrease per unit increase in BMI, p=0.04, [Table 4](#T4){ref-type="table"}). For visual clarity [Figure 2](#F2){ref-type="fig"} excludes the high concentration outlier, a similar figure with the outlier included can be found in [Supplemental Figure 1](#SD1){ref-type="supplementary-material"}. All associations except for body-mass index (p=0.06) maintained significance in sensitivity analyses excluding the outlier.

In the multivariable model, *CYP3A4\*22* maintained significance (p\<0.01) after adjustment for significant clinical covariates (race, elevated aminotransferases, BMI, and prior chemotherapy). Estimated creatinine clearance could not be adjusted for due to substantial missing data (n=105). In the final model the only clinical variables that maintained independent significance were race and prior chemotherapy. The other 9 SNPs included in the secondary screen were not associated with exemestane concentration and were therefore not tested in multivariable models.

Discussion {#S10}
==========

In this large cohort of patients with ER positive breast cancer treated with exemestane we found that patients carrying the *CYP3A4\*22* SNP had significantly higher steady-state exemestane concentration 2 hours after dosing. Exemestane concentration was also higher in White patients, those with lower BMI, elevated aminotransferases and lower estimated renal function, and was, unexpectedly, lower in patients who had received prior chemotherapy. This is the first report to our knowledge of a pharmacogenetic variant that influences exemestane exposure. If exemestane concentration is predictive of treatment efficacy and/or toxicity these clinical and genetic factors could be useful for guiding individualized dosing in patients with breast cancer. As with all biomarker findings, particularly pharmacogenetic findings, this association should be replicated in independent patient cohorts to validate the association.

The intronic *CYP3A4\*22* (rs35599367, MAF≈5--7% in Caucasian cohorts ([@R11])) SNP decreases *CYP3A4* expression and enzymatic activity as measured by CYP3A4 probe substrates([@R10]), and has been associated with the pharmacokinetics of several drugs([@R11]). Due to the huge number of drugs that rely on CYP3A4-mediated metabolism, *CYP3A4\*22* could be clinically useful for individualizing treatment in many patients. However, this SNP only partially explains the inter-patient variability in CYP3A4 activity, which is likely dictated by a multitude of other factors including additional genetic variants (i.e. the less common inactive CYP3A4\*20, MAF\<1%)([@R20], [@R21]), enzyme inhibition or induction due to concomitant medication, or clinical factors, such as hepatic dysfunction or age([@R22]).

The effects of some of these additional factors on exemestane pharmacokinetics were assessed in secondary covariate analyses. Similar to previous reports, patients with elevated aminotransferases and diminished creatinine clearance at baseline had greater exemestane concentration([@R6]). The prior study estimated that patients with hepatic impairment based on Child-Pugh grade had 2--3 fold greater exemestane exposure, as compared to our modest 20% concentration increase based on baseline elevation of AST or ALT. The patients in our study have much less severe hepatic damage than those included in the previous publication; however, our results suggest that even modest degrees of hepatic impairment can affect exemestane concentration. The previously referenced study also reported 2--3 fold greater exemestane exposure in patients with renal impairment. We again detected a more modest increase of approximately 30% in exemestane concentration for patients in the bottom two tertiles of creatinine clearance (CrCl ≤ 108.5 mL/min). Unfortunately, we could only estimate creatinine clearance for patients treated at one of the enrolling centers, leading to a substantial amount of missing data (43% of patients did not have baseline serum creatinine values), which limits the interpretability of this finding and prevents inclusion of estimated creatinine clearance in multivariate models.

Self-reported Black patients had significantly lower exemestane concentrations than White patients. The CYP3A4\*22 allele has not been identified in the African cohort in the 1000 genomes project (<http://browser.1000genomes.org/Homo_sapiens/Variation/Population?r=7:159138663-159138663;source=dbSNP;v=rs35599367;vdb=variation;vf=11871791>). In a post-hoc secondary analysis including only self-reported White patients the *CYP3A4\*22* variant maintained its significant association with exemestane concentration (13.5 vs. 7.8 ng/mL, p\<0.01), so this pharmacogenetic association is not due to racial confounding. Black patients could carry other genetic variants that modulate CYP3A activity that were not included in our multiplex genotyping platform. The lower concentrations in Black patients could reflect additional metabolic contribution of CYP3A5, as the wild-type *CYP3A5\*1* expresser genotype is more common in African-Americans than Caucasians([@R23]), leading to greater CYP3A activity and decreased concentrations of some CYP3A substrates([@R24]). Unfortunately, the *CYP3A5\*3* variant was not genotyped on this multiplex assay. Additional genotyping and further investigation of *CYP3A* genetic variation are planned based on these preliminary results.

It is possible that this racial difference is confounded by another variable, such as treatment adherence which may be lower in minority patients([@R25]), or BMI which is greater in Black women([@R26]). Patients with higher BMI had lower letrozole concentrations in our previous publication([@R14]), as expected for drugs that are not dosed based on patient size. The clinical importance of the racial difference is also unclear. In the MA.17 trial there was no benefit of letrozole treatment compared to placebo in 352 minority patients (disease free survival hazard ratio=1.39, p=0.53), and these patients experienced significantly less toxicity than Caucasians, both of which would be consistent with subtherapeutic drug concentrations([@R27]). The relatively small number of minority patients included in AI clinical trials and the myriad differences in patient and tumor characteristics confound the interpretation of all inter-race comparisons.

Finally, we found that patients who had received prior chemotherapy unexpectedly had lower exemestane concentration. Chemotherapy has been reported to diminish CYP2C19 metabolic activity([@R8]), which we hypothesized was caused by hepatotoxicity that would affect all liver enzymes. In secondary exploratory analyses we did not detect an association between prior chemotherapy and any other clinical covariate that explains our finding of an effect in the opposite direction. It is conceivable that chemotherapy diminishes activity of some enzymes (i.e. CYP2C19) while inducing activity of others (i.e. CYP3A4), perhaps due to activation of enzyme-specific transcription factors such as PXR([@R28]). However, enzyme induction is not expected to persist indefinitely, and these patients had completed chemotherapy prior to enrollment on this study, so this speculative hypothesis requires replication in independent patient cohorts and additional mechanistic validation.

The clinical relevance of discovering individualized predictors of exemestane concentration remains unclear. The FDA-approved exemestane package insert does not recommend dose adjustment for patients with hepatic or renal impairment or patients receiving concomitant CYP3A4 inhibitors, despite known increases in drug exposure. However, it is possible that long-term treatment with elevated concentration could have harmful effects that are not currently appreciated. Furthermore, the package insert does recommend dose escalation in patients on CYP3A4 inducers due to decreased drug concentrations. Patients who have inadequate exemestane exposure may not derive adequate benefit from treatment at standard doses, similar to that documented for the AI anastrozole([@R29]). We are conducting similar analyses in this cohort to determine whether exemestane concentration is associated with estradiol depletion, treatment related toxicity, and other phenotypes that were collected on this prospective study. If any relationships are identified it will be of great interest to determine whether the clinical and genetic predictors of drug exposure identified in this analysis are predictive of these downstream clinical endpoints, and may be clinically useful for treatment individualization.

Due to the lack of available pharmacokinetic data, and the obvious clinical relevance of the phenotypes, many groups have attempted to discover genetic variants that predict efficacy and toxicity of AI treatment([@R30]--[@R37]). Unfortunately, the vast majority of variants that have been discovered have not been successfully replicated. Our analysis used a more sensitive phenotype, drug concentration 2 hours after steady-state dosing, to interrogate SNPs with known functional consequence found in genes relevant to exemestane metabolism. Though prediction of drug exposure may not be as immediately clinically useful, this approach has been used to discover pharmacogenetic associations that can be successfully replicated prior to clinical translation([@R38], [@R39]). Indeed, the clinical and genetic variables discovered in this analysis explained less than 10% of the overall variability in exemestane concentration, highlighting the sensitivity of this approach to pharmacogenetic discovery. It is possible that a minimum concentration measured just prior to dosing would have provided a more accurate phenotype to discover clinical and genetic predictors of drug elimination. Future replication efforts could consider using a trough concentration and enrolling larger numbers of patients to get a more accurate estimate of the magnitude of the association between *CYP3A4\*22* and exemestane pharmacokinetics, and to determine whether homozygous patients have even lower drug clearance than carriers of the low-activity allele. Furthermore, additional clinical and genetic predictors not included in this analysis may partially explain the residual variability in exemestane concentration. For example, our multiplex platform did not genotype for a deletion in *UGT2B17* that has been reported to affect in vitro exemestane metabolism([@R40]), or *CYP3A5\*3* discussed earlier, and we could not perform meaningful analyses of drug interactions given the small number of patients taking concomitant CYP3A4 inhibitors (n=8) or inducers (n=3).

In conclusion, post-menopausal patients with breast cancer who carry *CYP3A4\*22* have greater steady-state exemestane concentration. Exemestane concentration is also increased in patients with elevated aminotransferases, lower creatinine clearance, lower BMI, and possibly those who have not received prior chemotherapy. It is imperative that further research determines whether exemestane concentration is associated with efficacy or toxicity of exemestane treatment, including analysis of sensitive surrogate markers such as effective estrogen depletion, to ascertain whether the genetic and clinical predictors of drug concentration discovered in this study may have a role in individualization of AI therapy.
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![Exemestane concentration stratified by *CYP3A4* genotype comparing patients homozygous (CC, n=206) and heterozygous (CT, n=25) for the wild-type C allele. No patients included in this analysis were homozygous for the variant T allele. Concentrations below the LLOQ of exemestane (2.5 ng/mL) were censored at that value. Patients carrying the *CYP3A4\*22* allele had significantly greater median exemestane concentration (10.7 ng/mL vs. 7.7 ng/mL, p\<0.01). In the box-and-whisker plot the middle line represents the median, the box represents the inter-quartile range (IQR), and the whiskers extend to 1.5 × IQR.](nihms796213f1){#F1}

![Clinical variables with significant associations with exemestane concentration. Concentrations below the LLOQ of exemestane (2.5 ng/mL) were censored at that value. 2A) Patients who self-reported as White had greater exemestane concentration compared with self-reported Black patients (7.9 ng/mL vs. 5.0 ng/mL, p=0.03). 2B) Patients in the first tertile of creatinine clearance (CrCl \> 108.5 mL/min) had the lowest exemestane concentration (5.9 ng/mL vs. 8.6 ng/mL vs. 8.0 ng/mL, p=0.01). 2C) Patients with elevated aminotransferase levels (AST or ALT\>40) had greater exemestane concentration (11.0 ng/mL vs. 7.5 ng/mL, p=0.05). 2D) Patients who received prior chemotherapy had lower exemestane concentration (6.9 vs. 8.7, p=0.03). In all box-and-whisker plots the middle line represents the median, the box represents the inter-quartile range (IQR), and the whiskers extend to 1.5 × IQR.](nihms796213f2){#F2}

###### 

Demographic data for all patients included in the analysis.

  Characteristic                                  n=246                                  
  ----------------------------------------------- -------------------------------------- -------------------
  Self-Reported Race                              White                                  220 (89.4%)
  Black                                           20 (8.1%)                              
  Other/Unknown                                   6 (2.4%)                               
  Age                                             At enrollment                          59 (35--83)
  Size                                            Body Mass Index (kg/m^2^)              29.3 (20.3--53.4)
  Renal Function                                  1^st^ Tertile (CrCl \> 108.5 mL/min)   47 (19.1%)
  2^nd^ Tertile (83.0 \< CrCl ≤ 108.5)            47 (19.1%)                             
  3^rd^ Tertile (CrCl ≤ 83.0 mL/min)              47 (19.1%)                             
  Unknown                                         105 (42.7%)                            
  Hepatic Function                                Impaired (AST or ALT \> 40)            19 (7.7%)
  Normal (AST and ALT ≤ 40)                       225 (91.5%)                            
  Unknown                                         2 (0.1%)                               
  Prior Chemotherapy Treatment                    Yes                                    109 (44.3%)
  No                                              137 (55.7%)                            
  Sample collection time (months on exemestane)   1                                      41 (16.7%)
  3                                               205 (83.3%)                            

Data reported as count (percentage) or median (range)

###### 

SNP Information and Genotyping Quality Control (n=231)

  Gene                                        Common Allele Name                           rsID         Call Rate   MAF in this cohort                           HWE p-value                                  Included in analysis
  ------------------------------------------- -------------------------------------------- ------------ ----------- -------------------------------------------- -------------------------------------------- ----------------------
  CYP3A4                                      \*22                                         rs35599367   1.0         0.06                                         0.36                                         Yes-1°
  \*1G                                        rs2242480                                    1.0          0.14        **\<0.001**[1](#TFN2){ref-type="table-fn"}   Yes-2°                                       
  CYP4A11                                     −845A/G                                      rs9332978    1.0         0.07                                         0.27                                         Yes-2°
  AKR1C3                                      E77G                                         rs11551177   0.93        **0.002**[2](#TFN3){ref-type="table-fn"}     0.97                                         No
  AKR1C4                                      Leu311Val                                    rs17134592   1.0         0.14                                         0.16                                         Yes-2°
  AKR7A2                                      A142T                                        rs1043657    1.0         0.09                                         0.88                                         Yes-2°
  CYP1A1                                      15:74724835[4](#TFN5){ref-type="table-fn"}   rs2606345    1.0         0.37                                         0.51                                         Yes-2°
  \*2                                         rs4646903                                    1.0          0.11        0.67                                         Yes-2°                                       
  CYP1A2                                      \*1C                                         rs2069514    1.0         0.50                                         **\<0.001**[3](#TFN4){ref-type="table-fn"}   No
  CYP1B1                                      Arg48Gly                                     rs10012      0.99        0.30                                         0.57                                         Yes-2°
  Ala119Ser                                   rs1056827                                    1.0          0.30        0.47                                         Yes-2°                                       
  2:38080367[4](#TFN5){ref-type="table-fn"}   rs162555                                     1.0          0.19        0.30                                         Yes-2°                                       

SNP was in HWE when assessed in each individual race (White: n=212, p=0.20, Black: n=19, p=1.0)

SNP excluded for low minor allele frequency

SNP failed genotyping (all patients called heterozygous)

Chromosomal location (Chromosome : position) using genome build GRCh38.p2 annotation release 107 from dbSNP)

1° Primary hypothesis

2° Secondary hypothesis-generating analysis

###### 

Pharmacogenetic association with exemestane concentration (n=231)

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Gene                                        Common\                                      rsID         Homozygous Wild-type                                                       Heterozygous        Homozygous Variant   Relative % change\    Univariate\           Adjusted[1](#TFN8){ref-type="table-fn"}\                               
                                              Allele\                                                                                                                                                                       per variant allele\   additive\             additive\                                                              
                                              Name                                                                                                                                                                          (95% CI)              p-value               p-value                                                                
  ------------------------------------------- -------------------------------------------- ------------ -------------------------------------------------------------------------- ------------------- -------------------- --------------------- --------------------- ------------------------------------------ ------------------ -------- --------
  CYP3A4                                      \*22                                         rs35599367   205                                                                        7.7 (2.5 -- 42.2)   26                   10.7 (2.8 -- 72.0)    0                     \--                                        +54% (14%, 109%)   \<0.01   \<0.01

  \*1G                                        rs2242480                                    176          7.8 (2.5 -- 72.0)                                                          43                  8.1 (2.5 -- 30.5)    11                    9.1 (2.5 -- 21.8)     −4% (−20%, 15%)                            0.65               0.37     

  CYP4A11                                     −845A/G                                      rs9332978    200                                                                        7.7 (2.5 -- 72.0)   31                   9.8 (2.5 -- 21.3)     0                     \--                                        +14% (−15%, 51%)   0.38     0.59

  AKR1C3                                      E77G                                         rs11551177   Excluded from analysis due to minor allele frequency = 0.002                                                                                                                                                                           

  AKR1C4                                      Leu311Val                                    rs17134592   167                                                                        8.1 (2.5 -- 72.0)   61                   7.5 (2.5 -- 22.4)     2                     4.9 (3.5 -- 6.3)                           −8% (−25%, 13%)    0.42     0.10

  AKR7A2                                      A142T                                        rs1043657    192                                                                        7.7 (2.5 -- 72.0)   37                   8.0 (2.5 -- 27.5)     2                     22.4 (2.5 -- 42.2)                         −1% (−22%, 26%)    0.94     0.97

  CYP1A1                                      15:74724835[2](#TFN9){ref-type="table-fn"}   rs2606345    94                                                                         7.5 (2.5 -- 39.0)   103                  8.3 (2.5 -- 72.0)     34                    7.7 (2.5 -- 24.4)                          0% (−13%, 15%)     1.0      0.31

  \*2                                         rs4646903                                    183          7.5 (2.5 -- 72.0)                                                          45                  8.3 (2.5 -- 30.5)    2                     12.3 (12.2 -- 12.4)   +16% (−7%, 46%)                            0.20               0.24     

  CYP1A2                                      \*1C                                         rs2069514    Excluded from analysis due to failed genotyping (all calls heterozygous)                                                                                                                                                               

  CYP1B1                                      Arg48Gly                                     rs10012      110                                                                        7.8 (2.5 -- 42.2)   100                  7.9 (2.5 -- 72.0)     19                    7.5 (2.5 -- 13.7)                          −4% (−18%, 12%)    0.59     0.54

  Ala119Ser                                   rs1056827                                    109          7.8 (2.5 -- 42.2)                                                          102                 7.8 (2.5 -- 72.0)    19                    9.0 (2.5 -- 13.7)     −1% (−15%, 16%)                            0.91               0.73     

  2:38080367[2](#TFN9){ref-type="table-fn"}   rs162555                                     153          7.5 (2.5 -- 72.0)                                                          67                  9.1 (2.5 -- 37.8)    11                    3.7 (2.5 -- 27.1)     6% (−11%, 26%)                             0.51               0.57     
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Adjustment for race, elevated aminotransferases, prior chemotherapy, and BMI in multivariable model.

Chromosomal location (Chromosome : position) using genome build GRCh38.p2 annotation release 107 from dbSNP)

###### 

Association of clinical factors with exemestane concentration

  Clinical Variable                      Category                               Median Exemestane Concentration   Relative % Change Compared with Reference (95% Confidence Interval)   Univariate p-value   Adjusted p-value[1](#TFN10){ref-type="table-fn"}
  -------------------------------------- -------------------------------------- --------------------------------- --------------------------------------------------------------------- -------------------- --------------------------------------------------
  Self-Reported Race                     White                                  7.9 ng/mL                         Reference                                                             **0.03**             **0.03**
  Black                                  5.0 ng/mL                              −32.2% (−52.1%--−4.0%)                                                                                                       
  Renal Impairment                       1^st^ Tertile (CrCl \> 108.5 mL/min)   5.9 ng/mL                         Reference                                                             **0.01**             NA
  2^nd^ Tertile (83.0 \< CrCl ≤ 108.5)   8.6 ng/mL                              +42.9% (8.3%--88.5%)                                                                                                         
  3^rd^ Tertile (CrCl ≤ 83.0 mL/min)     8.0 ng/mL                              +51.1% (14.5%--99.5%)                                                                                                        
  Elevated aminotransferases             No (AST and ALT ≤ 40)                  7.5 ng/mL                         Reference                                                             **0.05**             0.08
  Yes (AST or ALT \> 40)                 11.0 ng/mL                             +42.9% (0.6%, 103%)                                                                                                          
  Prior chemotherapy                     No                                     8.7 ng/mL                         Reference                                                             **0.03**             **0.02**
  Yes                                    6.9 ng/mL                              −18.6% (−33%, 2%)                                                                                                            
  BMI                                    Per unit increase                      NA                                −1.5% (−3%, 0%)                                                       **0.04**             0.27
  Age                                    Per year increase                      NA                                +0.8% (−0.4%, 2%)                                                     0.18                 NA
  Exemestane Sample Collection Time      1 month                                6.0 ng/mL                         Reference                                                             0.07                 NA
  3 month                                8.0 ng/mL                              −21.0% (−39%, 2%)                                                                                                            

Multivariable model of association for CYP3A4\*22 (rs35599367) adjusted for race, elevated aminotransferases, prior chemotherapy, and BMI.
